Enzyme adaptations to temperature occur constantly as temperature patterns modulate diurnally and seasonally. These adaptations entail qualitative and/or quantitative metabolic changes that often provide a competitive advantage, impact adjustment to new environments, and effect the survival of the species. Changes in isozymes or allozymes, changes in enzyme concentration, modification by substrate and effectors, and metabolic regulation of enzyme function without changing enzyme composition are all possible strategies for adaptation to changes in temperature. The degree of adaptation among cotton cultivars to a specific thermal regime may be difficult to determine from phenotypic responses of the plants. The present study evaluated the thermal sensitivity of Gossypium hirsutum L. and Gossypium barbadense L. cultivars following growth under distinct thermal environments. The metabolic fitness of Gossypium hirsutum L. and Gossypium barbadense L. cultivars showed that the Gossypium hirsutum L. cultivars grown in a 28˚C/20˚C day/night cycle tended to be better equipped to cope with a 16 h -38˚C treatment than the same cultivars grown in a 38˚C/32˚C day/night cycle. The Gossypium barbadense L. cultivars, on the other hand, grown in a 38˚C/32˚C day/night cycle tended to be equipped to cope with a 16 h -38˚C treatment than the same cultivars grown in a 28˚C/20˚C day/night cycle. The Gossypium hirsutum L. line TX 303 is an exception to these general trends as its responses were similar to the Gossypium barbadense L. St. Vincent and Pima S-7 cottons.
Introduction
Enzyme adaptations to temperature occur constantly as temperature patterns modulate diurnally, seasonally, or over centuries. These adaptations entail qualitative and/or quantitative metabolic changes that often provide a competitive advantage, impact adjustment to new environments, and effect the survival of the species. Changes in isozymes or allozymes, changes in enzyme concentration, modification by substrate and effectors, and metabolic regulation of enzyme function without changing enzyme composition are all possible strategies for adaptation to changes in temperature. The concept of thermal kinetic windows arose from a desire to investigate temperature stresses in plants and the realization of a lack of knowledge about how to identify the optimal temperatures for metabolism. Thermal kinetic windows of optimal enzyme function were defined as the temperature range over which the value of the apparent Michaelis-Menten Constant (Km) was within 200% of the minimum apparent Km value observed for the enzyme [1] . The 200% cutoff value was used because previous studies [2] [3] had reported that enzymes could function optimally with Km values within 200% of the minimum Km value. The purpose of the thermal kinetic window was to provide a general indicator of the range of temperatures in which the optimal temperature for metabolism was located. The temperature ranges comprising the thermal kinetic windows for wheat and cotton were 17.5˚C to 23˚C and 23.5˚C to 32˚C, respectively. Although the TKWs were 5˚C to 8˚C in breadth, it was shown that these plants were only within the optimal temperature range of their TKWs for a fraction of the growing season [1] . These initial observations called for a re-evaluation of our understanding of the temperature stresses experienced by plants in the field. To date, thermal kinetic windows have been reported for numerous species [1] [4]- [9] .
Plants have developed a myriad of metabolic protection systems that protect the cellular machinery from thermal injury when exposed to sub-or super-optimal temperatures. Wang et al. [10] reported that molecular control mechanisms for abiotic stress tolerance are based on the activation and regulation of specific stress-related genes. They reported that these genes are involved in the whole sequence of stress responses, such as signaling, transcriptional control, protection of membranes and proteins, and free-radical and toxic-compound scavenging. Diurnal air temperature fluctuations of 10˚C to 20˚C are common occurrences throughout temperate geographical regions. Because Thermal Kinetic Windows are only 5˚C to 8˚C in breadth, plants may be outside their optimal thermal range a large portion of every day [1] . Under these varying thermal conditions the efficiency with which absorbed light energy is harvested by photosynthesis is altered by a regulatory mechanism that determines how much excitation energy is used and how much is dissipated as heat [11] - [16] . Thermally induced changes in carbon assimilation and metabolism require that the balance between absorbed light energy, heat dissipation, and photochemistry be maintained [17] [18] . Over-excitation of the photosynthetic apparatus stimulates photo-oxidative damage that inhibits photosynthesis and reduces crop produc-tivity [19] . The dissipation of excess light energy does not come without cost to the plant. NADPH that could have been used in carbon fixation is diverted to the xanthophyll cycle for use in the over-excitation protection mechanism [20] . The utilization of NADPH by the xanthophyll cycle can lead to a loss in carbon fixation and reduction in the amount of stored reserves. Domestication of cultivated Gossypium species resulted in four species: the Old World diploids, G. arboretum and G. herbaceum, and the New World allotetraploids, G. hirsutum and G. barbadense cotton. The New World cottons dominate cotton production with G. barbadense primarily produced in Central Asia, Egypt, India, China, Sudan, and the United States. G. barbadense cotton has long, strong and fine fibers favored by the textile industry, but because of relatively low yields only represents about of 10% of current cotton production [21] . G. hirsutum cotton represents approximately 90% of the world's cotton production and is grown in over 40 countries in tropical and temperate regions [21] .
The present study developed a method to determine the "metabolic fitness" of a plant grown in distinct thermal environments, and used this assay to evaluate G. hirsutum and G. barbadense cotton cultivar adaptation to two distinct thermal environments. The assay provides insights into the impact of growth temperature on the ability of Gossypium hirsutum L. and Gossypium barbadense L.
cultivars to respond to vegetative thermal challenges.
Material and Methods

Optimization of the Evaluation Protocol
Cultural Practices: Greenhouses Cotton (Gossypium hirsutum L. and Gossypium barbadense L.) seeds were planted into 16 cm diameter pots containing 900 g of Sunshine Mix #1 soil (Sun Gro Horticulture Distributors Inc., Bellevue, WA). Three seeds were planted per pot and pots were placed on benches in a greenhouse set to provide a 28˚C/20˚C day/night cycle, and a second greenhouse was set to provide a 38˚C/32˚C day/night cycle. Plants were thinned to one plant per pot and grown throughout the year. A leaf punch was taken from each of the main stem leaves at solar noon, placed on moistened 3 MM filter paper in a Pyrex baking dish, covered with Glad Cling Wrap, and placed in the dark in a VWR Model 2005 incubator (Sheldon Manufacturing, Inc., Cornelius, OR) set to 38˚C. Six replicate punches obtained from different plants were evaluated for each leaf position following a 16 h incubation at 38˚C. Photographs were taken of the punches using a Sony DSC-F707 Digital Still Camera. Chlorophyll fluorescence was analyzed using an Opti-Science OS1-FL Pulse Modulated Fluorometer (Tyngsboro, MA). In practice, the efficiency of quantum yield (Fv/Fm) was envisaged as a relative measure of the overall ability of a tissue to withstand an elevated respiratory demand. The cultivar PM 2326 was used to evaluate the effect of water-deficit stress on the metabolic fitness of field-grown cotton. The plants were grown according the protocol outlined in the "Cultural Practices: Field" section above. A leaf punch was taken from the fifth main stem leaf, placed on moistened 3 MM filter paper in a Pyrex baking dish, covered with Glad Cling Wrap, and placed in the dark in a VWR Model 2005 incubator (Sheldon Manufacturing, Inc., Cornelius, OR) set to 38˚C. Five replicate punches obtained from different plants in the irrigated and rainfed plots were evaluated hourly following being placed in the 38˚C incubator. Chlorophyll fluorescence was analyzed using an Opti-Science OS1-FL Modulated Fluorometer (Tyngsboro, MA).
Determination of Greenhouse Air Temperatures:
Greenhouse temperatures were determined using a HOBO Pro RH/Temp Data Logger (Onset Computer, Bourne, MA) placed within the cotton canopy. Relative humidity and air temperatures were measured every 30 seconds over a 24 h period. Daily relative humidity levels ranged from 25% to 41% throughout the study.
Data Processing:
Statistical significance between genotypes and treatments were analyzed with studentized t-test through the statistical applications of Social Science Statistics (http://www.socscistatistics.com/tests/Default.aspx). Graphs were created using KaleidaGraph Version 4.1.3.
Evaluation of G. hirsutum and G. barbadense Adaptation to Different Thermal Environments
Determination of the Efficiency of Quantum Yield (Fv/Fm) of Cotton Grown in a Cool and Hot Environment: Four Gossypium hirsutum L. cultivars (PM 2200, PM 2145, SG 521, and T303) and two Gossypium barbadense L. cultivars (Pima S-7 and Sea Island) were grown in one greenhouse set to provide a 28/20˚C day/night cycle, and a second greenhouse set to provide a 38˚C/32˚C day/night cycle as described under "Cultural Practices". Leaf punches were excised at solar noon from the fifth main stem leaves when the plants reached the eight-leaf stage. Six replicate punches obtained from different plants were evaluated following a 16 h incubation at 38˚C using an Opti-Science OS1-FL Pulse Modulated Fluorometer.
Comparison of Metabolic Fitness Indices with TTC Cell Viability Determinations:
Two Gossypium barbadense L. cultivars (Pima S-7 and Sea Island) were grown in one greenhouse set to provide a 28/20˚C day/night cycle, and a second greenhouse set to provide a 38˚C/32˚C day/night cycle as described under "Cultural Practices". Leaf punches were excised from the fifth main stem leaves when the plants reached the eight-leaf stage. Six replicate punches obtained from different plants were evaluated following either a 16 h incubation at 38˚C or 16 h incubation at 22˚C using an Opti-Science OS1-FL Pulse Modulated Fluorometer. Following analysis of the photosystem II fluorescence yield, leaf punches from each temperature exposure were transferred to 6 ml of 0.1 M phosphate buffer, pH 7.0 containing 0.8% 2,3,5-triphenyltetrazolium chloride (TTC) and incubated in the dark at 32˚C for 24 h. Following the incubation, the TTC was extracted from the leaf punches with 95% ethanol according to the procedure described by Burke (1994) .
Results
Optimization of the Evaluation Protocol
Leaf Position Effects on Tissue Resistance to a High Respiratory Demand:
The chronological development of leaves takes a leaf from a metabolic sink as it first begins to develop, to a photosynthetic source as it expands and fully develops its photosynthetic potential, and gradually returning it to a metabolic sink as the ever developing canopy begins to shade the leaf from sunlight. It is reasonable to assume that these distinct developmental phases provide the leaf different metabolic tools with which to face environmental challenges. The present study evaluated the ability of leaves from different positions within the canopy to withstand a prolonged exposure to elevated temperature in the dark. These experiments were designed to help us determine if the ability to cope with the high respiratory demand might reflect the developmental stage of the leaf. Following a 16 h exposure to 38˚C, leaf punches taken from the first-to the eight-main stem positions showed differing levels of cellular injury (Figure 1 ). The most severe injury resulted in a darkening of the leaf punch from green to brown. The first main stem leaf showed partial injury as seen by the dark patches in the interveinal tissues (Figure 1 ). Leaf positions 2, 3, 7, and 8 exhibited potentially higher levels of cellular injury based upon the dark coloration. Leaf 4 showed minor cellular damage, and even less visual injury was seen in the punches from leaf positions 5 and 6.
The efficiency of quantum yield (Fv/Fm) of photosystem II chlorophyll fluorescence was used to further evaluate heat-induced injury in leaf punches from different leaf positions. High temperature-induced changes in chlorophyll fluorescence have been used as an indicator of thermal damage and correlates with the temperature at which leaves experience significant tissue necrosis [22] . The magnitude of the efficiency of quantum yield (Fv/Fm) decline following the 16 h -38˚C heat treatment used to evaluate metabolic injury levels. Figure 1 A plant growing in sub-or supra-optimal temperatures will need to cope with excess incoming radiation because of metabolic limitations associated with thermal-induced enzyme inefficiencies. As the amount of light received by the plant increases, more metabolic resources are used to divert the radiation energy into heat, thereby protecting the photosystems from oxidation. NADPH, required for carbon fixation, is used by the xanthophyll cycle in the protection of the photosystems. gradual decline in metabolic fitness with prolonged exposure to 38˚C (Figure 3) . Leaves from the rainfed cotton also showed a decline in metabolic fitness over time; however, the rate of decline was less in the leaves of the rainfed plots compared with leaves from the irrigated plots. The efficiency of quantum yield (Fv/Fm) of photosystem II values were approximately two-fold higher in the leaves from the rainfed plots. These results show that adaptation to water-deficits will increase the metabolic fitness of the tissue.
Evaluation of G. hirsutum and G. barbadense Adaptation to Different Thermal Environments
Determination of the Metabolic Fitness of Cotton Grown in a Cool and Hot Environment:
Six cotton cultivars were grown in greenhouses set to two distinct thermal regimes. One greenhouse was set to provide a 28˚C/20˚C day/night cycle, and a second greenhouse set to provide a 38˚C/32˚C day/night cycle ( Figure 4) . Leaf temperatures closely tracked air temperatures in the greenhouse studies. Four of the cotton cultivars were the upland cottons (Gossypium hirsutum L.) PM 2200, PM 2145, SG 521, and the Texas race stock entry T303; and two of the cotton cultivars were the long-staple cottons (Gossypium barbadense L.) Pima S-7 and Sea Island. Leaf samples from the 28˚C/20˚C day/night cycle that were maintained at 22˚C in the dark for 16 h are represented by the white bars ( Figures  5-7) . Leaf samples from the 28˚C/20˚C day/night cycle that were maintained at 38˚C in the dark for 16 h are represented by the light grey bars. Leaf samples from the 38˚C/32˚C day/night cycle that were maintained at 22˚C in the dark for 16 h are represented by the solid black bars, and leaf samples from the 38˚C/ 32˚C day/night cycle that were maintained at 38˚C in the dark for 16 h are represented by the dark grey bars.
Similar efficiency of quantum yield (Fv/Fm) of pho tosystem II patterns were observed for the PM220 and PM2145 cultivars ( Figure 5 ). Efficiency of quantum yield (Fv/Fm) values of leaf punches maintained at 22˚C were a value of 0.6, while the efficiency of quantum yield values of the 38˚C treated leaf punches fell to approximately 0.4. Similar efficiency of quantum yield (Fv/Fm) of photosystem II values were seen between the leaf samples from the 28/20˚C day/night cycle maintained at 22˚C and the leaf punches from the 38/32˚C day/night cycle also maintained at 22˚C in the dark for 16 h. Low efficiency of quantum yield (Fv/Fm) of photosystem II values were observed in the leaf samples of the PM220 and PM2145 cultivars from the 38/32˚C day/night cycle maintained at 38˚C in the dark for 16 h. SG 521 leaf punches from either greenhouse had lower initial efficiency of quantum yield (Fv/Fm) of photosystem II in the 22˚C treatment compared with the PM220 and PM2145 cultivars ( Figure 5 ). Despite SG 521 lower efficiency of quantum yields in the 22˚C treatment, fluorescence patterns similar to those of the PM220 and PM2145 cultivars were observed fol-lowing the 38˚C treatments. These data show higher efficiency of quantum yieldvalues following the 38˚C treatment in leaves from the "cool" greenhouse, compared with leaves from the "warm" greenhouse.
Similar efficiency of quantum yield patterns were observed for Pima S-7, Sea Island and the T303 cultivars (Figure 6 ). Unlike the response of the upland cotton cultivars shown in Figure 5 , higher efficiency of quantum yield values following the 38˚C treatment were seen in leaves from the "warm" greenhouse, compared with leaves from the "cool" greenhouse. It is interesting that the line TX 303 is classified as an upland cotton yet shows a stress phenotype similar to the G. barbadense lines evaluated.
Comparison of the efficiency of quantum yield Indices with TTC Cell Viability Determinations:
Because this study used the efficiency of quantum yield of photosystem II as a relative measure of tissue viability, questions may arise as to the validity of this photosynthetic measurement being representative of the entire metabolism or fitness of the cell. To test the validity of using the quantum yield of photosystem II as a measure of the metabolic fitness of the cell, the efficiency of quantum yield values for Pima S-7 and Sea Island were compared with cell viability measurements obtained by using the viability stain 2,3,5-triphenyltetrazolium chloride. Figure 7 shows the comparison of efficiency of quantum yield values and TTC reduction for the same leaf punches. The efficiency of quantum yield values shown in Figure 7 show similar patterns to those described for these cultivars in Figure 6 . Clearly, higher efficiency of quantum yield values following the 38˚C treatment were seen in leaves from the "warm" greenhouse, compared with leaves from the "cool" greenhouse. The TTC reduction levels mirrored the efficiency of quantum yield values for both cultivars and all treatments.
Discussion
Cotton is an essential crop grown in most tropical and subtropical regions of the world. Of the identified 50 species, four domesticated species (G. hirsutum, G. barbadense, G. arboreum, and G. herbaceum) have been studied extensively and considerable diversity identified [21] . The present study investigated the two New World tetraploid species G. hirsutum and G. barbadense as they were domesticated in different regions of the world. Although originally domesticated west of the Andes, our modern G. barbadense cultivars were developed from Sea Island cottons from Georgia and South Carolina [23] . G. hirsutum, on the other hand, was domesticated on the Yucatan peninsula in Mesoamerica [24] .
Comparative studies reported by Reddy et al. [25] [26] evaluated vegetative and reproductive responses of a G. hirsutum cultivar (DES 119) and a G. barbadense cultivar (Pima S-6). The vegetative data showed that maximum stem elongation rates in G. hirsutum peaked under the 30C/22C day/night cycle, while the G. barbadense maximum stem elongation rate occurred under the 35˚C/27˚C day/night cycle. The reproductive responses to temperature showed that Pima cotton was more sensitive to high temperatures exemplified by reduced * Significant p < 0.05 Figure 7 . Graph of the efficiency of quantum yield (Fv/Fm) values and TTC reduction levels of Pima S-7 and Sea Island cotton cultivars following a 16 h -38˚C heat treatment. Leaf samples from the 28˚C/20˚C day/night cycle that were maintained at 22˚C in the dark for 16 h are represented by the solid black bars. Leaf samples from the 28˚C/20˚C day/night cycle that were maintained at 38˚C in the dark for 16 h are represented by the solid white bars. Leaf samples from the 38˚C/32˚C day/night cycle that were maintained at 22˚C in the dark for 16 h are represented by the solid grey bars, and leaf samples from the 38˚C/32˚C day/night cycle that were maintained at 38˚C in the dark for 16 h are represented by the light grey bars. Error bars represent standard error values.
fruiting branches compared to G. hirsutum under elevated temperatures.
The present study further analyzed plant vegetative responses when grown in sub-optimal or supra-optimal thermal environments. It describes studies to optimize the assay system, followed by characterization of plant responses to two distinct air temperature growing regimes. The relative sensitivities of the first-eight main stem leaf positions were investigated to determine which leaf positions were most heat resistant. The highest efficiency of quantum yield values were observed in the first and fourth through eight main stem positions (Figure 1 ). With the exception of the first leaf position, these results are not surprising based upon current knowledge of source-sink relationships and leaf development in cotton. The lack of injury to leaf position 1 was likely because of poor contact between the leaf tissue and the filter paper based upon the pattern of injury seen in the photograph of the samples analyzed. The fifth leaf position is often referred to as "the most recently fully expanded leaf" and is a source leaf of photosynthate for the younger leaves [27] . Leaf samples were harvested at solar noon, not only to obtain tissue during maximum radiation load, but also to provide ample time for carbohydrate accumulation in the leaves [28] [29] .
The efficiency with which absorbed light energy is harvested by photosynthesis is altered by a regulatory mechanism that determines how much excitation energy is used and how much is dissipated as heat under sub-optimal or supra-optimal thermal conditions [11] Water-deficit stress reduces plant growth and increases the amount of osmotic compounds found in cells. If the metabolic fitness assay measures in part the availability of cellular stored reserves to provide the energy needed to meet the high respiratory demand of the assay, then increased carbohydrates associated with water-deficit stress would be predicted to enhance the metabolic fitness of the tissue. The results shown in Figure 3 support the hypothesis that increased osmolytes might enhance the metabolic fitness of the tissue. Leaf tissues from the water-deficit stressed plants maintained an efficiency of quantum yield value that was twice the level of the irrigated controls. These findings were the foundation for the development of a water-deficit stress bioassay [30] .
The data provided in Figures 1-3 provide assay guidelines that should be followed when evaluating developmental or genetic diversity in metabolic fitness in plants from different thermal environments. The optimal cotton tissue for analysis of metabolic fitness is the fifth main stem leaf from a plant that is adequately watered to avoid water-deficit stress, and that has received maximum irradiation. With the necessary parameters for the assay identified, the level of genetic diversity of upland cotton cultivars and long-staple cotton cultivars was investigated in well-watered plants grown in either a 28˚C/20˚C day/night cycle or a 38˚C/32˚C day/night cycle. Samples harvested at solar noon were evaluated and differences in metabolic fitness were observed depending upon the growth temperature and genetic background ( Figure 5 and Figure 6 ). Most of the upland cottons grown in the 28˚C/20˚C environment were more resistant to the high respiratory demands of the assay than the same cultivars grown in a 38˚C/32˚C day/night cycle ( Figure 5 ). Long-staple cotton cultivars, on the other hand, grown in the 38˚C/32˚C environment were more resistant to the high respiratory demands of the assay than the same cultivars grown in a 28˚C/20˚C day/night cycle ( Figure 6 ). Unexpectedly, the TX 303 line exhibited temperature sensitivities similar to those of the G. barbadense lines evaluated in this study. It is interesting to speculate that with the origin of the G. barbadense being in northern Peru [21] that a possible introgression of genes from barbadense into TX 303 might have occurred in this line from Mexico. Clearly additional research is needed to further test this hypothesis. The data from the present study shows the usefulness of the metabolic fitness assay in identifying germplasm with enhanced metabolic performance when grown in specific thermal environments.
A concern associated with using the quantum yield of photosystem II as the metabolic fitness index is the question of whether this parameter truly reflects the metabolic response of the entire cell. The results of the comparison of the metabolic fitness index with the TTC cell viability assay support the use of the quantum yield of photosystem II as the metabolic fitness index (Figure 7 ). An advantage of the metabolic fitness assay over the TTC viability assay is the time required to obtain a measurement. The use of the pulse-modulated fluorometer allows immediate determination of the status of the tissue. The fluorescence assays only take a few seconds per sample. TTC, on the other hand, requires time for the uptake and reduction of the TTC, extraction of reduced TTC from the tissue, and subsequent measurement if TTC reduction levels with a spectrophotometer. This can add hours or days to the determination of tissue viability. Clearly, the ease of use of the pulse-modulated fluorometer is advantageous for screening large numbers of samples.
Conclusion
In summary, the present study describes an assay that provides information about the relative metabolic fitness of cotton grown in different thermal environments. The data also show the importance of avoiding water-deficit stress and providing high radiation levels to obtain experimental results about genetic diversity for distinct temperature optima whose interpretation is not confounded by osmoregulation or inadequate radiation loads.
